Identified type A photoreceptors of Hermissenda express differential effects of classical conditioning. Lateral type A photoreceptors exhibit an increase in excitability to both the conditioned stimulus (CS; light) and extrinsic current. In contrast, medial type A photoreceptors do not express enhanced excitability, but do show enhancement of the medial B to medial A synaptic connection. Therefore, both enhanced excitability and changes in synaptic strength may contribute to long-term plasticity underlying classical conditioning. The activation of protein kinase C (PKC) is involved in the induction of enhanced excitability of identified type B photoreceptors produced by one-trial conditioning and the expression of enhanced excitability in B photoreceptors after multitrial classical conditioning. We have examined a possible role for persistent kinase activity in the expression of enhanced excitability in lateral type A photoreceptors and enhancement of the medial B to medial type A synaptic connection after classical conditioning. Injection of the PKC inhibitor peptide PKC(19 -36) into medial type B photoreceptors of conditioned animals did not significantly change the amplitude of medial A IPSPs elicited by single spikes in the medial B photoreceptor. Injections of PKC(19 -36) into medial B photoreceptors of pseudorandom controls also did not significantly change the amplitude of IPSPs recorded from the medial A photoreceptor. In contrast, spikes elicited by extrinsic current in lateral type A photoreceptors of conditioned animals were significantly reduced in frequency after intracellular injection of PKC(19 -36) as compared with pseudorandom controls. Injection of the noninhibitory analog peptide [glu 27 ]PKC(19 -36) did not affect excitability. Thus, enhanced excitability in the lateral A photoreceptor of conditioned animals seems to be influenced, in part, by a constitutively active kinase or a persistent kinase activator, whereas synaptic enhancement of the connection between the medial B and medial A photoreceptors of conditioned animals may involve a different mechanism.
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Key words: Hermissenda; synaptic enhancement; enhanced excitability; classical conditioning; associative learning; facilitation Cellular neurophysiological studies of identified neurons in several invertebrate preparations have revealed examples of plasticity that are expressed by modifications of neuronal excitability and alterations in synaptic strength (for review, see Carew and Sahley, 1986; Crow, 1988; Byrne and Crow, 1995) . In conditioned Hermissenda, enhanced excitability and synaptic enhancement have been identified as cellular correlates of associative learning in the pathway supporting the conditioned stimulus (CS) (Crow and Alkon, 1980; Farley and Alkon, 1982; Alkon et al., 1985; Crow, 1993, 1994) . Enhanced excitability in identified neurons of conditioned Hermissenda is expressed by increases in spike frequency elicited by extrinsic current, an increase in the input resistance of type B photoreceptors, decreased spike frequency accommodation, an alteration in the amplitude of light-induced generator potentials, and a decrease in several K ϩ conductances (Crow and Alkon, 1980; Alkon et al., 1982 Alkon et al., , 1985 Farley and Alkon, 1982; West et al., 1982; Crow, 1985; Farley et al., 1990; Frysztak and Crow, 1993) . In addition to the nonsynaptic enhancement in excitability detected after conditioning, enhancement of the amplitude of monosynaptic IPSPs has been observed in conditioned Hermissenda (Frysztak and Crow, 1994) . Moreover, 5-HT and GABA, two putative neurotransmitters in the unconditioned stimulus (US) pathway, have been reported to produce enhancement of type B to type A photoreceptor synaptic connections (Schuman and Clark, 1994; Schultz and Clark, 1995) . Secondmessenger pathways mediating the effects of 5-HT and GABA on enhanced excitability and synaptic enhancement have been studied recently (Matzel et al., 1990; Crow et al., 1991; Crow and Forrester, 1993; Yamoah and Crow, 1996) . Protein kinase C (PKC) is involved in the induction of enhanced excitability produced by one-trial conditioning, 5-HT-induced synaptic enhancement, and the expression of enhanced excitability in type B photoreceptors produced by multitrial Pavlovian conditioning (Neary et al., 1986; Matzel et al., 1990; Crow et al., 1991; Farley and Schuman, 1991; Schuman and Clark, 1994) . In this report, we have examined the potential role of persistent PKC activity in the expression of enhanced excitability of lateral type A photoreceptors and the enhancement of the medial type B to medial type A synaptic connection of conditioned Hermissenda. We report that the injection of the PKC inhibitory peptide PKC (19 -36) into the medial type B photoreceptor of conditioned animals did not reverse the enhancement of IPSP amplitude produced by conditioning. , however, did block the induction of synaptic enhancement of the same identified connections produced by the bath application of 5-HT. In contrast to the insensitivity of synaptic enhancement to the kinase inhibitor, enhanced excitability in lateral type A photoreceptors of conditioned animals was reversed by PKC(19 -36). The noninhibitory peptide [glu 27 ]PKC(19 -36) did not reverse the enhanced excitability produced by conditioning in lateral type A photoreceptors. These results indicate that expression of long-term enhanced excitability in the lateral type A photoreceptor produced by conditioning is dependent on a constitutively active kinase or persistent kinase activator, whereas synaptic enhancement of identified connections from the medial B to the medial A photoreceptor in conditioned animals is not dependent on persistent PKC activity in the medial B photoreceptor for its expression.
A preliminary report of these results has been published previously in abstract form (Frysztak and Crow, 1996) .
MATERIALS AND METHODS
Animals. Adult Hermissenda crassicornis were used in the experiments. The animals were obtained from Sea Life Supply (Sand City, CA) and maintained in closed artificial seawater (ASW) aquaria at 14°C (Ϯ 1°C) on a 12:12 light/dark cycle. Animals were fed small pieces of scallop daily. Behavioral training, testing, and electrophysiological procedures were performed during the light phase of the light/dark cycle.
Baseline test of phototactic behavior. The details of the conditioning procedures and methods for testing phototactic behavior have been described previously in detail (Crow and Alkon, 1978; Crow and Offenbach, 1983; Crow, 1985) and will be described only briefly in this report. Animals were tested before training to determine baseline latencies to initiate locomotion in response to a test light. Animals that did not respond within a 20 min criterion period during the pretraining measurements were not used in the conditioning experiments. Previous research has shown that the increase in the time taken by the animals to locomote into a test light can be accounted for by an increase in the latency to initiate locomotion (Crow and Offenbach, 1983) . Animals were placed into glass tubes 228 mm long filled with ASW. A foam plug inserted through an opening confined the animal to one end of the tube. The tubes were attached by spring clips to a modified turntable enclosed in an incubator maintained at 15°C. Animals were dark-adapted for 12 min before testing phototactic behavior. A light spot (10 Ϫ4 watts/cm 2 , white light) was projected onto the center of the turntable, illuminating a circular area 15-16 cm in diameter. The elapsed times to initiate locomotion in the presence of the test light were recorded when a Hermissenda moved between an infrared emitter and a phototransistor at the starting end of each glass tube. When the infrared beam was interrupted, (19 -36) , and single spikes were elicited by a brief (150 msec) depolarizing current pulse over a time course of 31 min. The initial amplitude of the IPSP recorded in the medial type A photoreceptor from the conditioned group (A2) was larger than that recorded from the pseudorandom control (B2), but was not different substantially from the IPSP recorded from the same cell 31 min after the PKC inhibitor peptide had been injected (A4 ). Group data of the mean IPSP amplitudes Ϯ SEM at 6 min are shown in C. The mean IPSP amplitude in the conditioned group was significantly larger (*p Ͻ 0.025) than that for the pseudorandom controls. a free-running digital clock was turned off and the time recorded for later data analysis.
Conditioning procedure. After baseline measurements, animals were randomly assigned to conditioned and pseudorandom control groups. The conditioning phase consisted of 100 trials of the 10 sec CS (light) and US (high-speed rotation) each day for 3 consecutive days. The intensity of the CS was the same as that for the test light used to establish baseline responding of phototactic behavior during the pretest condition. The pseudorandom control group received 100 trials of light and were rotation-programmed on explicitly unpaired schedules each day for 3 consecutive days. For each conditioning session, both conditioned and pseudorandom control animals were selected from the same animal shipment.
Postacquisition test. All animals received behavioral testing identical to the pretraining (baseline) test measurement for phototaxis 24 hr after the third conditioning session. Animals that did not initiate locomotion in the presence of the CS within 20 min during the post-test received a maximum latency score. Assessment of conditioning was determined by computing suppression ratios that compared post-training phototactic behavior with pretraining test scores. The ratio is expressed as A/(A ϩ B), where A represents pretraining scores and B represents post-training scores. Conditioned animals exhibited behavioral suppression that was similar in magnitude to previous reports (Crow and Alkon, 1978; Crow and Offenbach, 1983; Crow, 1985) . After postaquisition testing, all animals were coded so that the collection of electrophysiological data was conducted using blind experimental procedures.
Intracellular recordings. Intracellular recordings from identified medial and lateral type A and B photoreceptors were collected for conditioned and pseudorandom controls 24 or 48 hr after the last training session. Anatomical and electrophysiological criteria were used to identify specific type A and B photoreceptors within the eye as described previously (Alkon and Fuortes, 1972) .
The circumesophageal nervous systems were removed from the animals and pinned to a SYLGARD (Dow Chemical, Arlington, TN) stage in a recording chamber. The chamber was filled with ASW of the following composition (in mM): NaCl 460; KCl 10; CaCl 2 10; MgCl 2 55 buffered with 10 mM HEPES, and brought to pH 7.46 with NaOH. The isolated nervous systems were incubated in a protease solution (Sigma, St. Louis, MO, 0.67 mg/ml, 5-7 min) to facilitate microelectrode penetration of photoreceptors. Intracellular recordings were collected only from identified type A and B photoreceptors. The ASW in the recording chamber was monitored by a thermistor and held at 15°C (Ϯ 0.5°C). Illumination of the isolated nervous system was provided by a tungstenhalogen incandescent lamp attached to a fiberoptic bundle mounted underneath the recording chamber.
Spike-elicited IPSPs in the medial A-photoreceptor. The PKC inhibitor peptide PKC(19 -36) (Life Technologies, Gaithersburg, MD) and the noninhibitory analog [glu 27 ]PKC(19 -36) (Life Technologies) were reconstituted in saline at a 1 mM concentration, aliquoted, and frozen at Ϫ20°C. A 0.1-1 mM concentration of either PKC (19 -36) or [glu 27 ]PKC(19 -36) was used in the recording electrode in conjunction with a 4 M KAc solution for the medial type B photoreceptor; KAc alone was used in the electrode for the medial A photoreceptor. After impalement of an identified pair of medial type A and B photoreceptors, the nervous system was dark-adapted for 6 min before collection of electrophysiological data. The membrane potential of the medial A photoreceptor was maintained at Ϫ60 mV by the passage of extrinsic current. To minimize the possible effect of synaptic depression, type B photoreceptors were hyperpolarized to block spontaneous action potentials. Single spikes were elicited in the B photoreceptor by depolarizing current pulses of 100 -150 msec duration. The intertrial interval between stimuli for eliciting IPSPs was a minimum of 10 sec. An average of 10 IPSPs was recorded from each identified pair of medial type A and type B photoreceptors at each time point for both conditioned and pseudorandom controls, and an average IPSP amplitude was computed for each animal. IPSP amplitude was tested at 5 min intervals for 30 -40 min after initial dark adaptation.
Bath application of 1 M serotonin (5-HT, Sigma) was used to determine the efficacy of PKC(19 -36). The application of 5-HT has been shown to result in an increase in the amplitude of spike-elicited IPSPs recorded in type A photoreceptors (Schuman and Clark, 1994) .
Current-elicited activity in the lateral A photoreceptor. A 0.1-1 mM concentration of either PKC (19 -36) or [glu 27 ]PKC(19 -36) was used in the recording electrode in conjunction with a 4 M KAc solution for lateral type A photoreceptors. After impalement of an identified lateral type A photoreceptor, the nervous system was dark-adapted for 6 min before collection of electrophysiological data. Enhanced excitability was assessed by passing depolarizing current pulses of 30 mV from a holding potential of Ϫ60 mV for 10 sec at 10 min intervals. An average response measured in spikes per second was determined for each animal.
Statistical analysis. Mann-Whitney U tests were used to determine differences between independent groups and t tests for correlated means for nonindependent groups. Because no significant differences in IPSP amplitudes were found between groups at 24 hr compared with 48 hr after the last training session, the data were combined for the final statistical analysis. Differences between groups at different times after the injection of PKC (19 -36) were assessed with a two-way, repeated-measures ANOVA followed by pairwise multiple comparisons (Newman-Keuls method).
RESULTS

PKC effects on spike-elicited IPSPs in medial type A photoreceptors
The CS elicited significant suppression of phototactic behavior in conditioned animals (n ϭ 13) as compared with pseudorandom controls (n ϭ 12) (Fig. 1) . The behavioral results were similar to reports published previously (Crow and Alkon, 1978; Crow, 1993, 1994) . Statistical analysis revealed that the conditioned group displayed significantly greater phototactic suppression compared with the pseudorandom control group (U ϭ 25, p Ͻ 0.005). Because the samples were drawn randomly from the populations of conditioned and pseudorandom control groups, the results are representative of the overall state of conditioning within each group. Intracellular recordings were collected from dark-adapted pairs of identified medial type A and type B photoreceptors of conditioned and pseudorandom control animals. As reported previously, the medial B to medial A connection shows synaptic enhancement after conditioning (Frysztak and Crow, 1994) . Figure 2 shows representative examples of IPSPs elicited by stimulation of a medial type B photoreceptor and recorded from a medial A photoreceptor in a conditioned animal and a pseudorandom control animal. The PKC inhibitor peptide PKC(19 -36) was present in the recording electrode of the medial B cells. An action poten- Figure 3 . Group data showing the mean IPSP amplitudes (as a percentage of baseline) Ϯ SEM recorded from medial type A photoreceptors in conditioned animals (n ϭ 13) and pseudorandom controls (n ϭ 12) over time. Medial B photoreceptors were injected with the PKC inhibitor PKC(19 -36). The mean percent change in IPSP amplitude for both the conditioned group and the pseudorandom controls was not significantly different over time (11, 16, 21, 26, or 31 min) from baseline values (measured at 6 min) or between the two groups at any time point.
tial elicited in the medial B photoreceptor (A1, B1) produced a monosynaptic IPSP recorded from the medial A photoreceptor (A2, B2). The IPSP recorded from the conditioned animal (A2) is larger than the IPSP recorded from the pseudorandom control at 6 min after penetration of the photoreceptor (B2). The group data are shown in Figure 2C . The mean IPSP amplitude from the conditioned group (n ϭ 13) is significantly larger than that of the pseudorandom control group (n ϭ 12; U ϭ 40.5; p Ͻ 0.025). After allowing the PKC inhibitor 31 min to diffuse into the cell, the IPSP amplitude recorded from the medial A (A4, B4 ) was not substantially different from the baseline value obtained at 6 min (A2, B2) for either the conditioned or the pseudorandom control groups. The mean change in IPSP amplitude over time as a percentage of the baseline value established at 6 min is shown in Figure 3 . As indicated by the two-way, repeated-measures ANOVA, PKC(19 -36) does not significantly affect IPSP amplitude over time in the medial A from either conditioned or pseudorandom control animals (F (5,70) ϭ 0.35, NS). These results suggest that persistent PKC activity in the medial B photoreceptor is not necessary to support the enhancement of the IPSP after conditioning in the medial B to medial type A photoreceptor connection. PKC(19 -36), however, may not be reaching the synaptic region in the medial B photoreceptor terminal processes. As a control to assess the efficacy of the inhibitor, we examined the effects of PKC(19 -36) on 5-HT-induced PKC-dependent facilitation in the B to A synaptic connection. Bath application of 5-HT has been shown to produce an enhancement of the IPSP amplitude recorded in type A photoreceptors (Schuman and Clark, 1994) . As shown in Figure  4 A, an action potential elicited in the medial type B photoreceptor (A1) produced a monosynaptic IPSP in the medial type A photoreceptor (A2) that is enhanced in amplitude after the bath application of 5-HT (A4 ). The group data are shown in Figure 4 tude in the medial A after the application of 5-HT (ASW ϩ 5-HT) in the presence of PKC(19 -36) (n ϭ 4) was not significantly different from the IPSP without 5-HT (ASW) (t (3) ϭ 0.18, NS). These results indicate that PKC(19 -36) loading in the medial B photoreceptor is sufficient to block a PKC-dependent example of synaptic facilitation. Therefore, the absence of an effect of PKC(19 -36) on conditioning-induced enhancement of IPSP amplitude suggests that PKC in the medial B photoreceptor does not play a role in the maintenance and expression of synaptic enhancement after conditioning.
PKC effects on enhanced excitability in the lateral A
The behavioral results of the post-testing of the conditioned and pseudorandom control groups that were examined for excitability changes are shown in Figure 5 . The mean suppression ratios for conditioned animals (n ϭ 15) and pseudorandom controls (n ϭ 8) were similar to the results shown in Figure 1 . Statistical analysis revealed that the conditioned group displayed significantly greater phototactic suppression compared with the pseudorandom control (U ϭ 5, p Ͻ 0.0001).
Intracellular recordings were collected from dark-adapted, identified lateral type A photoreceptors of conditioned and pseudorandom control animals. Conditioning results in intrinsic changes in the lateral type A photoreceptor (Farley and Alkon, 1982; Farley et al., 1990) , including increases in CS-elicited spike frequency, enhanced excitability to extrinsic current (Frysztak and Crow, 1993) , a reduced generator potential amplitude (Farley et al., 1990; Frysztak and Crow, 1993) , and a decrease in spike frequency accommodation (Frysztak and Crow, 1993) . To determine whether PKC plays a role in the maintenance and expression of these modifications, we examined the changes in excitability to extrinsic current in the presence of PKC(19 -36). Figure 6 shows representative examples of spike activity elicited by a 10 sec depolarizing extrinsic current pulse (30 mV) in lateral type A photoreceptors from a conditioned animal and a pseudorandom control animal examined 6 and 36 min after penetration of the photoreceptors. Initially, the results indicated an increase in current-elicited spike activity (A1, B1) for the cell from the conditioned animal compared with the pseudorandom control (C1). In the presence of PKC(19 -36), however, spike activity in the conditioned animal was reduced substantially after 36 min (A2) compared with both baseline activity at 6 min (A1) and the conditioned animal that received the inactive form of the inhibitor [glu 27 ]PKC(19 -36) (B2). The PKC inhibitor did not seem to affect the spike activity in the pseudorandom control (C2). The group data showing the mean spike frequency elicited at 10 min intervals for the conditioned and pseudorandom control groups in the presence of the PKC(19 -36) and the inactive form of the PKC inhibitor are shown in Figure 7 . A two-way, repeated-measures ANOVA indicated that there were significant differences between the treatments (F (2,87) ϭ 38.7; p Ͻ 0.0001). The interaction between treatments and time was not significant (F (8,87) ϭ 1.69, NS) and the main effect of time was also not significant (F (4,87) ϭ 1.05, NS). Significant differences between groups were determined by the Newman-Keuls method. In the conditioned animals (n ϭ 5), the inactive form of the PKC inhibitor, [glu 27 ]PKC(19 -36), did not significantly affect spike frequency over the time periods studied. Spike frequency, however, was significantly higher for the conditioned group that received the inactive form compared with pseudorandom controls (n ϭ 8) at all time points studied (q ϭ 11.52; p Ͻ 0.05). In conditioned animals that received the active form of the PKC inhibitor peptide (n ϭ 10), spike frequency was significantly greater than pseudorandom controls initially (6 min) ( p Ͻ 0.05), but rapidly declined to levels not statistically different from the pseudorandom control by 16 min. Thus, overall, the conditioned group that received the PKC inhibitor peptide was not significantly different from the pseudorandom controls (q ϭ 1.14, NS). In contrast, the group that received the inactive form was significantly different from the conditioned groups that received the active inhibitor (q ϭ 10.74; p Ͻ 0.05). Initially (6 min), however, the two groups were not significantly different from each other. These results indicate that PKC contributes to the maintenance and expression of enhanced excitability observed in lateral type A photoreceptors after classical conditioning.
DISCUSSION
Studies of the CS pathway in conditioned Hermissenda by several laboratories have documented that associative learning in this system involves an enhancement of cellular excitability that is expressed in several identified cells (Crow and Alkon, 1980; Farley and Alkon, 1982; West et al., 1982; Crow, 1985; Farley et al., 1990; Frysztak and Crow, 1991; Farley and Han, 1997) . Within the visual system, the medial B and lateral A photoreceptors exhibit an increase in the number of action potentials elicited by the CS after conditioning Frysztak and Crow, 1993) . Biophysical studies of the identified sensory cells in the CS pathway have shown that the examples of enhanced excitability detected after Pavlovian conditioning are the result of modification of several diverse K ϩ conductances Farley et al., 1990; Farley and Han, 1997) . Conditioned enhancement of excitability seems to be a general characteristic of both vertebrate and invertebrate associative learning. There are now several examples of enhanced excitability detected with both associative and nonassociative learning paradigms in several differ- Figure 5 . Median suppression ratios Ϯ semi-interquartile range for conditioned and pseudorandom control groups used in the analysis of excitability changes in lateral type A photoreceptors. Conditioned animals showed significant suppression of phototactic behavior compared with pseudorandom controls (*p Ͻ 0.0001).
ent invertebrate systems (for review, see Carew and Sahley, 1986; Byrne and Crow, 1992) . Excitability changes in hippocampal pyramidal neurons have been detected in vitro after Pavlovian conditioning Thompson et al., 1996) . In addition to enhanced excitability as a correlate of Pavlovian conditioning, enhancement of synaptic strength has also been observed after conditioning in Hermissenda (Frysztak and Crow, 1994 ). The present study shows that these two correlates of associative learning, enhanced excitability, and enhanced synaptic strength, may involve two different mechanisms for their expression. We have provided evidence that enhanced excitability of lateral A photoreceptors of conditioned animals can be reversed by the intracellular injection of the PKC inhibitor PKC(19 -36). These results, thus, provide evidence that a constitutively active form of PKC or a persistent activator of PKC supports the long-term excitability of lateral A photoreceptors in conditioned animals. In contrast, the same PKC inhibitors injected into B photoreceptors did not reverse the enhancement of IPSPs recorded from medial A photoreceptors of conditioned animals, suggesting that a different mechanism supports long-term synaptic enhancement if the site of the plasticity is presynaptic.
Role of PKC in the expression of cellular correlates
PKC has been proposed to contribute to several examples of cellular and synaptic plasticity in both vertebrates and invertebrates (Akers et al., 1986; Farley and Auerbach, 1986; Neary et al., 1986; Alkon et al., 1988; Malinow et al., 1989; Braha et al., 1990; Matzel et al., 1990; Sacktor and Schwartz, 1990; Crow et al., 1991; Sugita et al., 1992) . In Hermissenda, PKC inhibitors have been reported to block the induction of short-term plasticity (Matzel et al., 1990; Crow et al., 1991; Crow and Forrester, 1993) and reverse the expression of established plasticity in conditioned animals (Farley and Schuman, 1991) . Moreover, downregulation of PKC has also been shown to be effective in blocking the induction of short-term plasticity Crow and Forrester, 1993) . Several studies of type B photoreceptors have shown that injection of PKC and activation of PKC by phorbol esters or diacylglycerol reduces several of the K ϩ conductances that have been implicated in supporting enhanced excitability produced by conditioning (Farley and Auerbach, 1986; Alkon et al., 1988) . Taken collectively, the evidence indicates that PKC activity plays a major role in both the induction of short-term plasticity and the long-term enhanced excitability of conditioned animals. Our re- Figure 6 . Representative examples of spike activity elicited by a 10 sec depolarizing current step in lateral type A photoreceptors from conditioned animals in the presence of either PKC (19 -36) or [glu 27 ]PKC(19 -36) and a pseudorandom control animal in the presence of PKC(19 -36) at two different time points. Enhanced excitability was expressed at 6 min for both examples from the conditioned group (A1 and B1) compared with the example from the pseudorandom control (C1). Enhanced excitability from the conditioned group, however, was reduced substantially at 36 min (A2) compared with the initial test (A1) in the presence of the active kinase inhibitor PKC(19 -36). Excitability was not affected over the same time course for the pseudorandom control (C2 vs C1) or for the conditioned group in the presence of the inactive PKC inhibitor (B2 vs B1). Note: Peaks of the action potentials are clipped by the chart recorder. Figure 7 . Group data showing the mean spike frequency during a 10 sec depolarizing current step at different time periods recorded from lateral type A photoreceptors of conditioned ; n ϭ 8) and pseudorandom controls ; n ϭ 10) that were impaled with electrodes containing the PKC inhibitor PKC (19 -36) . A separate paired group (n ϭ 5) received the inactive form of the inhibitor [Ç Conditioned [glu 27 ](19 -36) ]. The initial current step (6 min) elicited significantly more action potentials from lateral type A photoreceptors of conditioned animals (F, Ç) compared with pseudorandom controls (E). Excitability in the conditioned group that received the active form of the inhibitor (F), however, was reduced significantly over time. Excitability of the lateral type A photoreceptors from the conditioned group was not different significantly from pseudorandom controls at 16, 26, 36, or 46 min. The conditioned group that received the inactive form of the inhibitor (Ç) exhibited enhanced excitability over the entire 46 min period of recording.
sults are therefore consistent with the hypothesis that either a long-lived activator or a constitutively active kinase is important for the expression of enhanced excitability detected in lateral A photoreceptors after conditioning. It was proposed previously that a similar mechanism underlies the enhanced excitability of type B photoreceptors in conditioned animals (Farley and Schuman, 1991) . Our findings, however, indicate that a different mechanism must contribute to the enhanced synaptic strength observed at the medial B to medial A connection of conditioned animals if the plasticity is presynaptic. An alternative hypothesis is that the modification of IPSP amplitude is postsynaptic and thus localized to the medial A photoreceptor. A postsynaptic increase in input resistance that would result in larger IPSPs, however, is not consistent with work published previously showing that the input resistance of type A photoreceptors is reduced in conditioned animals and that outward K ϩ currents are enhanced (Farley et al., 1990; Farley and Han, 1997) . A change in the number or density of receptor binding sites on the postsynaptic membrane would be consistent with a postsynaptic locus for enhancement and has not been ruled out by research published previously. It could also be argued that the modification in the medial B photoreceptors that support enhanced synaptic strength after conditioning are not accessible to the actions of the peptide inhibitor. We have shown, however, that a PKC-dependent example of synaptic plasticity, 5-HT-induced facilitation, can be blocked by the intracellular injection of the PKC inhibitor PKC(19 -36) into the medial B photoreceptors. Thus, it seems unlikely that the inhibitor would not have access to the subcellular domain important in the expression of plasticity. In addition, these results provide the first direct evidence that 5-HT-induced facilitation of the connection between the medial B and medial A photoreceptor is presynaptic. An additional implication of our results is that conditioning results in changes in synaptic strength that must involve a different mechanism from the PKC-dependent mechanism of 5-HT-induced synaptic facilitation.
Localization of cellular correlates of conditioning
There is now considerable evidence to indicate that conditioning produces cellular and synaptic modifications at multiple loci in the Hermissenda nervous system. Changes have been detected in different identified B photoreceptors as well as in both identified type A photoreceptors (Crow, 1988; Frysztak and Crow, 1993) . In addition, correlates have been investigated in the pedal neurons that receive synaptic input from photoreceptors in the CS pathway (Hodgson and Crow, 1991) . Multiple sites of synaptic plasticity have also been identified in Aplysia after sensitization procedures (Frost et al., 1988; Trudeau and Castellucci, 1993; Lee et al., 1995) . Results published previously and our present findings show that conditioning results in enhanced excitability intrinsic to different identified cell types within the CS pathway and enhancement of a specific synaptic connection between cells in the CS pathway (Frysztak and Crow, 1993) . Therefore, both synaptic enhancement and enhanced excitability are expressed in conditioned animals within and between identified neurons in the pathway supporting the CS and may involve different subcellular mechanisms. In addition, there are several potential loci for plasticity in the optic ganglia and interneuronal pool that receive synaptic input from the CS pathway and project to motor neurons responsible for the generation of the conditioned response.
